Abstract Nano-sized titanium monoxide (TiO) powder was prepared by mechanochemical synthesis. A mixture of commercial Ti and TiO 2 (rutile) powders with the molar ratio of 1:1 was milled in a planetary ball mill for 5, 10, 20, 30 and 60 min under argon atmosphere. The final single-phase titanium monoxide sample was characterized by X-ray diffraction (XRD), magnetic measurements using a superconducting quantum interference device magnetometer (SQUID) and thermogravimetric analysis (TGA). The temperature dependency of the magnetic susceptibility is characterized by significant contribution of Pauli paramagnetism due to conduction electrons. Titanium monoxide belongs to the class of strongly nonstoichiometric compounds with a broad homogeneity region that contains very large concentration of vacancies in both the metal and oxygen sublattices [1] . Titanium monoxide crystallizes in the cubic structure (NaCl structure type) with compositions ranging from TiO 0.70 to TiO 1.25 , and simultaneously contains 10-15 at.% structural vacancies [2] . TiO 0.70 composition has a titanium sublattice that is almost completely occupied with about one-third of the oxygen sites being vacant, while TiO 1.25 composition has oxygen lattice almost filled with about one-quarter of the titanium sites being vacant [3] . Depending on the oxygen content and heat treatment, the distribution of vacancies can be disordered or ordered [4] . This results in two different polymorphs of TiO y , both closely related to the cubic structure: the first being in the disordered cubic phase atoms with vacancies that are randomly distributed, and the second with the low-temperature polymorph that has the monoclinic symmetry and ordered distribution of vacancies [5] . Using the conventional methods for the synthesis of the titanium monoxide samples leaves them, almost without an exception, in a two-phase state containing both disordered and ordered phases at the same time [6] . The preparation of the single-phase The TiO y monoxide can behave either like a d metal or like a semiconductor, depending on the oxygen content [6] . The metal-semiconductor transition is experimentally observed with an increase in the oxygen content in disordered titanium monoxide TiO y , i.e., with a decrease in the concentration of oxygen vacancies and a simultaneous increase in the concentration of titanium vacancies [6] . Titanium monoxide, having low electrical resistivity and good barrier property against the interdiffusion of Al and Si, could be considered as an electrically conducting metallic layer for application in microelectronics layered structures [7, 8] .
Titanium monoxide belongs to the class of strongly nonstoichiometric compounds with a broad homogeneity region that contains very large concentration of vacancies in both the metal and oxygen sublattices [1] . Titanium monoxide crystallizes in the cubic structure (NaCl structure type) with compositions ranging from TiO 0.70 to TiO 1.25 , and simultaneously contains 10-15 at.% structural vacancies [2] . TiO 0.70 composition has a titanium sublattice that is almost completely occupied with about one-third of the oxygen sites being vacant, while TiO 1.25 composition has oxygen lattice almost filled with about one-quarter of the titanium sites being vacant [3] . Depending on the oxygen content and heat treatment, the distribution of vacancies can be disordered or ordered [4] . This results in two different polymorphs of TiO y , both closely related to the cubic structure: the first being in the disordered cubic phase atoms with vacancies that are randomly distributed, and the second with the low-temperature polymorph that has the monoclinic symmetry and ordered distribution of vacancies [5] . Using the conventional methods for the synthesis of the titanium monoxide samples leaves them, almost without an exception, in a two-phase state containing both disordered and ordered phases at the same time [6] . The preparation of the single-phase disordered samples of TiO y requires a special quenching procedure [4] .
The TiO y monoxide can behave either like a d metal or like a semiconductor, depending on the oxygen content [6] . The metal-semiconductor transition is experimentally observed with an increase in the oxygen content in disordered titanium monoxide TiO y , i.e., with a decrease in the concentration of oxygen vacancies and a simultaneous increase in the concentration of titanium vacancies [6] . Titanium monoxide, having low electrical resistivity and good barrier property against the interdiffusion of Al and Si, could be considered as an electrically conducting metallic layer for application in microelectronics layered structures [7, 8] .
TiO bulk samples can be prepared by various methods such as: the reduction of TiO 2 with metallic titanium [9] , the arc-melting with annealing in argon afterwards [10] , the melt quenching of Ti and TiO 2 mixture using an arc furnace under argon atmosphere [11] , the solid-state reactions with subsequent annealing in evacuated quartz tubes followed by quenching [4] . It was also demonstrated that titanium monoxide could be obtained by mechanochemical tretment of TiO 2 and Ti stoichiometric powder mixture either in argon [12, 13] or air atmosphere [14] .
In this work, we present the properties of nanocrystalline titanium monoxide synthesized by mechanochemical reaction between Ti and TiO 2 . The obtained sample was, in detail, characterized by X-ray diffraction (XRD) analysis, thermal gravimetric/differential thermal analysis (TGA/DTA) and the magnetic measurements.
For the first time, crystal structure refinement for nanocrystalline titanium monoxide was done. In addition, the field and temperature dependency of magnetic susceptibility and magnetization were experimentally studied.
EXPERIMENTAL
A mixture of commercial titanium sponge (Johnson, Matthey & Co., Limited) and TiO 2 (rutile, Alfa Aesar) powders with a molar ratio of 1:1 was used as the starting material. Mechanochemical treatment was carried out under argon atmosphere using a Fritsch Pulverisette 7 Premium Line planetary micro mill, with tungsten carbide vials of 45 ml volume filled with 144 tungsten carbide balls of 5 mm diameter. The mass of the powder was 7 g, hence the balls to powder mass ratio was 20:1. The angular velocities of the supporting disc and vial were 104.7 (1000 rpm) and 209.4 rad s −1 (2000 rpm), respectively. After the selected milling times (5, 10, 20, 30 and 60 min), an amount of powder was taken for X-ray diffraction analysis. The XRD measurements were done on a Philips PW 1050 powder diffractometer with Ni filtered CuKα radiation (λ = 1.5418 Å) and scintillation detector within 25−85° 2θ range in steps of 0.05°, with the scanning time of 3 s per step. After the XRD measurements, the powder was returned in a vial in order to keep the same balls to powder mass ratio throughout the milling. For Rietveld refinement, the XRD measurements were done within 25−135° 2θ range in steps of 0.02°, and scanning time of 14 s per step.
The simultaneous TGA/DTA measurements were carried out up to 900 °C in air atmosphere at a heating rate of 20 °C min −1 using a TA SDT Model 2090 thermobalance.
The magnetic measurements were done using a superconducting quantum interface device (Quantum Design MPMS SQUID magnetometer). Zero field cooled (ZFC) measurements were carried out in the temperature range of 2-300 K in the applied field of 100 Oe. The measured magnetic susceptibility data were corrected for the temperature independent diamagnetic susceptibility, using gram ionic susceptibility values given by Selwood [15] . The field dependency of the isothermal magnetization M was recorded in the magnetic fields between −50 and 50 kOe and at a temperature of 4 K.
RESULTS AND DISCUSSION
Mechanochemical synthesis and structural properties Figure 1 shows the XRD patterns of Ti and TiO 2 (rutile) equimolar mixture milled for various periods. In the early stage of milling (within 5 min), the peaks of a new phase can be detected in the patterns, although the peaks of the starting materials Ti and TiO 2 remain. The new peaks are identified as cubic titanium monoxide. As the milling time increases, the peak intensities of titanium monoxide increased, while the peaks of the starting reactants decreased. After 60 min, the reaction was completed and all broad peaks may be assigned to the nanocrystalline titanium monoxide. The TGA/DTA measurements ( Figure 2 ) were used to determine Ti:O ratio from the mass increase during the oxidation to TiO 2 , hence calculated composition of mechanochemically synthesized titanium monoxide is TiO 1.03 .
Titanium monoxide with disordered distribution of vacancies crystallizes in the cubic NaCl structure type (S.G.
3 Fm m ). In this structure, titanium occupies special crystallographic position 4a [0,0,0] while oxygen is placed in special crystallographic position 4b [1/2,1/2,1/2], both with the same local symmetry m3m. The lowtemperature TiO y phase with an ordered distribution of vacancies, stable between the approximate compositions y = 0.9 and 1.1 below 1000 °C, has the monoclinic symmetry (S.G. A2/m). The vacancies are ordered within every third (100) plane [9] . In these planes, one site per two is vacant, which results in the theoretical concentration of 16.6% of vacancies and A 5 B stoichiometry for each sublattice (Ti 5 ; O 5 , where symbolizes a vacancy).
The obtained XRD data were refined considering two possible space groups:
3 Fm m and A2/m. The refined R agreement factors of monoclinic structure were approximately equal to R factors calculated for cubic structure. Thus, according to commonly accepted convention we can say that mechanochemically synthesized TiO 1.03 has disordered the cubic structure ( Figure  3) . A few weak maxima of the tungsten carbide arising from the balls and vial debris also appeared, as is usual for mechanochemically synthesized samples. The crystal structure refinement was based on the Rietveld full profile method [16] using the Koalariet computing program based on Fundamental Parameters convolution approach to generate line profiles. This program is appropriate for processing the data obtained from the samples with dominant microstructure parameters [17] . The most important results of the final Rietveld refinement are presented in Table 1 . In this cubic structure all fractional coordinates are fixed, thus only the cell parameter and two temperature factors of all atomic parameters remain to be refined. Because of the small number of refined parameters, it is suitable to obtain microstructural parameters (crystallite size and microstrain). Due to the nanocrystalline nature of the synthesized sample (crystallite size of 9 nm,) the calculated cell parameter (Table 1) is larger than that of the sample prepared by solid state reaction at 1770 K [4] but very closed to the previously synthesized nanocrystaline TiO 1.19 by ball milling [12, 14] . The obtained values of B temperature factors were within the expected range, except for the titanium temperature factor, which was somewhat larger. This can be attributed to the composition of TiO 1.03 , which has more titanium than oxygen vacancies. A considerable high value of microstrain (imperfection of crystal) is the consequence of the mechanochemical process (which typically accumulates lattice disordering), and the presence of a large number of vacancies.
Magnetic properties
In 3d transition metal monoxides, a variety of exchange interactions are possible, depending on the structure of solid and the electronic configuration of the cations. In the oxides with rock-salt structure, antiparallel orientation of spins on neighboring cations is favored by covalent mixing of anion p-orbitals with cation d-orbitals on each site. Consequently, antiferromagnetic ordering has been observed in insulators like MnO, FeO, CoO, NiO, but is unlikely in the case of titanium monoxide whose conductivity spans from semiconducting to metallic.
In the case of TiO, d-electrons occupy a narrow band with a bandwidth W still larger than the intraatomic Coulomb repulsion U, retaining that way the itinerant character of electrons, well described by Fermi-liquid picture [18] . Rivadulla et al. [19] calculated energy bands and density of states in gradient corrected local density approximation for TiO system. The calculations showed d-bands well separated from s-bands, with the Fermi level lying in the t 2g bands, which overlaps with the e g -bands showing the presence of itinerant behavior of delocalized d-electrons. In addition to theoretical results, the electron paramagnetic resonance (EPR) measurements of TiO y monoxide failed to detect the presence of uncompensated magnetic moments thus pointing to delocalization of d electrons [6] .
Due to the reasons stated above, the temperature dependence of the magnetic susceptibility χ(T) was fitted to the equation:
In the expression above, the contribution of the itinerant electrons is described by the Pauli paramagnetic term which includes both a temperature independent χ(0) as well as a temperature dependent bT 2 term. The Curie modified term is introduced due to paramagnetic behavior of χ(T) data in the low temperature region (T < 50 K).
The fit using Eq. (1) showed good agreement with our experimentally measured susceptibility data ( Figure  4 ). The fitting parameters are presented in Table 2 . 
where M is the molecular mass and µ B the Bohr magneton. The low value of the effective magnetic moment µ eff ≈ 0.1µ B can be attributed to the presence of Ti 2+ and Ti 3+ impurities. The emergence of atomic magnetic moments is a consequence of quasi-stationary electronic states localized on the crystal lattice sites [20] . Isothermal magnetization was measured as the function of applied field between −50 and 50 kOe at the temperature of 4 K ( Figure 5 ). The measurements showed lack of remnant magnetization, which suggested the absence of ferromagnetic impurities in the system. 
CONCLUSIONS
Titanium monoxide TiO 1.03 was successfully synthesized by mechanochemical treatment under argon atmosphere starting from Ti and TiO 2 powders. Rietveld refinement of XRD data shows that this compound crystallizes in the cubic structure type, which points to disordered distribution of vacancies. The average crystallite size was determined to be 9 nm.
The measurements of the field dependency of magnetization demonstrate that there are no ferromagnetic impurities in the system. This further proves that the observed magnetic properties are due to intrinsic magnetism of the system under investigation. The analysis of temperature dependence of the magnetic susceptibility shows the existence of two contributions:
1. Pauli paramagnetism due to itinerant delocalized d-electrons and 2. Curie modified term, which originates from the quasi-localized magnetic moments of Ti 2+ and Ti 3+ .
